Introduction
[2] The substorm process involves complicated interactions between waves and ambient magnetospheric structures. Recent studies have shown that current disruption in the central plasma sheet (CPS) is preceded by a cross-scale wave [Saito et al., 2008; Liang et al., 2008] . The temporal behavior of the wave is MHD in character, with periods (50 -100 s) long compared to the proton gyroperiod, but its spatial structure couples to kinetic particle scales. From insitu data, Saito et al. [2008] inferred the azimuthal wavelength to be 600-2500 km, comparable to the ambient proton gyroradius. Liang et al. [2008] , using ASI observations from THEMIS GBO, independently verified this wavelength estimate. For ease of reference, we call the wave in question the KB (kinetic ballooning) mode. See Cheng and Lui [1998] for a basic introduction to KB.
[3] The above studies establish unambiguously that plasma waves in the Pi1 and Pi2 range (1 -100 s) play an important role in substorm onset. Furthermore, most of the THEMIS events we have browsed to date indicate that these waves originated from an internal instability in the nearEarth CPS. Despite these advances, however, there remain many questions on the nature of the KB mode and the role it plays in local current disruption (CD). For instance, we do not know the global characteristics of the KB mode over large radial distances. The timing of local CD is also a puzzle. Typically the arrival of the KB mode precedes local CD by a few minutes. Although the KB mode can modify the current sheet to make it unstable, until now this has remained largely a conjecture. The timing question has a global aspect as well. Current disruption has often been observed to lag substorm onset determined from auroral brightening by several minutes. While propagation delay between the source region and the observing spacecraft has been invoked, there is a limit to such an equivocation. The source region of internal CPS instability is $10 R E to the ionosphere in distance. The propagation speed to the ionosphere of the disturbance thus generated is the Alfvén speed v A . Suppose the same disturbance propagates downtail at the fast mode speed v F . Since v F > v A , it reasons that all current disruptions observed within 10 R E of the source of instability should expect no time delay from auroral brightening. Let $8 R E be the typical location of the initial instability. This consideration would predict that current disruptions observed within $18 R E geocentric distance should not lag auroral intensification. Yet, the actual situation is clearly not so [Nakamura et al., 2001] . Hence, how does the initial substorm trigger propagates radially and how it destabilizes the local current sheet in its path is an important outstanding question.
[4] In this paper, we study a substorm event that encompassed all the issues raised above. Using coordinated THEMIS ground-based and in-situ observations and through wavelet and timing analyses of the representative event, we focus our attention on the few minutes before and after a local onset to search for precursors to the putative plasma instability responsible for current disruption. Our principal finding is that the arrival of KB excites a quasielectrostatic field (QEF) a few minutes prior to local CD. According to the rarefaction theory of substorm expansion [Lui, 1991, and references therein] , the current sheet thins as the KB-generated perturbation propagates downtail. The thinning leads to a negative charging of the neutral sheet due to partially demagnetized ions, and an electrostatic field pointed to the neutral sheet is expected. The propagation speed of the CD front was found to be significantly slower than the fast-mode speed, implying that additional processes must be involved in the destabilization of the current sheet. Comparisons of wavelet scalograms from four THEMIS spacecraft spanning over 10 R E in radial distance indicate that the interaction pattern described above stays remarkably invariant.
Observation of the March 5, 2008 Event
[5] The ground-based optical data used in this study were collected by the NORSTAR Multi-Spectral Imager (MSI) and Meridian Scanning Photometer (MSP) located at Gillam, Canada. The satellite-based data were collected by the NASA THEMIS constellation of satellites. Due to the inherent uncertainty in the propagation delay between the CPS and ionosphere (which is about 1 min but can vary by a factor-oftwo), we round off all timing measurements to the nearest minute in our narrative.
[6] On March 5, 2008, the THEMIS satellites were in a major conjunction over central Canada at roughly 06:04 UT when a small substorm onset marked the beginning of a sequence of three onsets that unfolded over roughly 30 minutes. Four of the THEMIS probes, D, E, C, B, were in range to observe current sheet behaviors during the substorm. The coordinates of the probes at 06:00 UT, in unit of R E , were: E = (À10.51, 4.83, À1.84), D = (À10.93, 3.99, À1.87), C = (À15.74, 4.87, À2.33), B = (À19.37, 4.95, À1.65). The optical onset occurred well within the field of view of the Gillam MSI. Figure 1 gives three frames of observations from the Gillam MSI obtained at roughly 06:03, 06:04, and 06:05 UT. The images were taken in the 557 nm (Oxygen ''green line'') and have been flat field corrected and mapped into geomagnetic coordinates, assuming an emission height of 110 km. Superposed on the frames are meridian profiles of the 486 nm (Hb proton aurora in blue) and 630 nm (Oxygen red line in red) intensity from the collocated CGSM MSP. The red oval on the middle panel indicates the location of optical onset, roughly 300 km east of Gillam. The black and white diamond indicates zenith at Gillam. From the images and MSP profiles, we determine that the breakup arc formed at 06:04 UT, slightly poleward of a preexisting electron auroral arc, and slightly poleward of the peak of proton auroral brightness.
[7] Figure 2 gives a summary of in-situ data from TH-E, which was closest to the source of initial magnetospheric onset. From the top panel down, the plots depict the three magnetic components, bulk flow in x (all in the GSM coordinates), ion density, ion temperature, and the northsouth component of the total pressure tensor p NS = p + B xy 2 / 2m 0 = B xy 2 (1)/2m 0 (where B xy 2 = B x 2 + B y 2 ). For $30 min starting from 05:40 UT, the magnitude of p NS steadily increased by a factor of 2, indicating a buildup of crosstail current. At 06:09 UT, the current sheet above TH-E underwent a disruption manifested as the abrupt reduction in the magnitude of p NS . There was no appreciable earthward flow prior to the onset. These results are consistent with early findings of Lui et al. [1992] .
[8] We performed a wavelet transformation of magnetometer data from all four THEMIS probes and present the results in Figure 3 . To remove sharp variations associated with the CD, a Savitzky-Golay filter [Savitzky and Golay, 1964] was applied before the wavelet decomposition. Marked on each plot is the 06:04 auroral intensification time. The local wave characteristics at TH-E and TH-D underwent a sharp change at 06:05 UT (referred to as the local KB arrival time). Finally, 06:09 UT is the time of local CD. Prior to 06:05UT, there was moderate wave activity with period 40-100 s. The wave power appears to alternate between B x (compressional) and B y (Alfvénic) components. Since these waves existed >10 min before the global onset, we interpret them as background magnetospheric oscillations during the growth phase. After 06:05, there was an intensification in wave activity. Of particular note is the excitation of a new wave (called the CD mode), 10-40 s in period, that apparently arose from the interaction between the KB and local current sheet. Inspecting the scalograms in Figure 3 , we see that the new wave mode was manifested in both B x and B y , a few minutes before the local onset, with a burst in B y at 06:09 UT coinciding with the observed local CD. Apparently, the arrival of the KB mode at the local current sheet was not sufficient to trigger immediately an instability. The system needed 4 more minutes to be primed. This suggests that the local current sheet was significantly above marginal stability when the KB perturbation first arrived.
[9] Another remarkable feature is that the same pattern is found in the outer satellites C and B, after a time shift. While it is not clear that the onsets after 06:04 were due to the same source, the comparison does establish that the local onset behavior is universal; that is, a traveling lowerfrequency wave (period 40 -100 s) excites a higherfrequency (period 10 -40 s) localized wave, which in turn 
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set off local CDs. This consistency in behavior indicates that current disruption follows the same mode and can extend over long distances.
[10] To shed further light on the problem, we examine the electric field data from TH-E. At 6:04 UT, the despun spacecraft coordinate (DSL) had its x axis approximately aligned with GSM-x, while DSL-y was about 26°from GSM-y. For this event, using E Á B = 0 to estimate E z would be prone to large errors. Instead we use the proxy E z = À(u Â B) z as an order-of-magnitude estimate in Figure 4 . Also given are the wavelet transformations of E DSLx and E DSLy . As expected, there was little action in E x (as E k % 0), but E y reveals an extremely interesting behavior. Unlike its magnetic field counterparts, the E y wave was active only in the interval between the arrival of the KB mode at 06:05 and local CD onset at 06:09. The electric field data give the most compelling evidence that the CD mode is different from the KB mode, as the morphologies of the scalograms are quite different. An electric field can be decomposed into an electrostatic part and electromagnetic part, according to the ansatz: E = Àr + @A/@t. Familiar MHD waves such as the Alfvén wave are electromagnetic. In a thin current sheet, however, as the ion population becomes partially demagnetized, negative charge can accumulate in the neutral sheet. In this case, an electrostatic E field pointing to the neutral sheet can develop. Theory and simulation have shown that such a field is possible in a thin current sheet [Pritchett and Coroniti, 1995; Birn et al., 2004] . However, its experimental verification has been inconclusive. The reasons for which we believe that the electric field in Figure 4 was electrostatic are several. First, unlike the magnetic scalograms dominated by the electromagnetic KB at 40-100 s, the electric field scalogram is dominated by a different mode centered at $20 s. Second, the 20-s mode subsided as soon as the local disruption was over. It is reasonable to suppose that magnetic dipolarization, by remagnetizing the ion population, should remove the charge imbalance and quench the quasi-electrostatic field. Had the field been primarily electromagnetic, it would have continued after 06:09, in concert with the magnetic field perturbation. Third, suppose that the mode is electromagnetic for argument's sake. In this case, the magnetic field perturbation corresponding to this field would be DB $ DEt/L, where DE is the observed electric field variation, t and L the characteristic time-and length-scale of the wave, respectively. The E amplitude corresponding to Figure 4 between 06:05 and 06:09 is $10 mV/m, and t $ 20 s from the scalogram in Figure 4 . If we take L $ 1000 km, the expected DB $ 200 nT. However, the magnetic field variation shown in Figure 2 has a magnitude <10 nT. Hence, jr Â Ej ( DE/L and the mode is quasi-electrostatic. Finally, although there was no direct E z measurement before local CD on March 5, 2008, the proxy E z shown in Figure 4 should give a rough idea of the general behavior. The result shows an exponential increase of E z toward 06:09, reaching a positive value of $10 mV/m amidst oscillation, and a sudden disappearance after 06:09. This behavior is consistent with a neutral-sheet pointing electrostatic field and its quenching by local dipolarization.
[11] The global auroral onset time 06:04 UT can be mapped to a corresponding magnetospheric activation time by adjusting for the Alfvénic transit delay. Without affecting the generality of argument, we use 1 min as the representative delay value. Thus, the magnetospheric source for the brightening seen in Figure 1 is timed at approximately 06:03 UT, and there was a 2 min time delay between the first magnetospheric activation and arrival of the associated perturbation at TH-E. If we take 1000 km/s as a typical value for the fast-mode speed, mapping back from the TH-E location for 2 min would give a source region inside Earth! Donovan et al. [2008] studied the March 13, 2007 substorm event in which three of the THEMIS probes (ABD) were closely spaced (within $0.2 R E ) at the radial distance $8.5 R E . From information given by Donovan et al. [2008, Figure 4] , one can infer that the disruption fronts propagate outward through the satellites in $24 s, giving a propagation speed $100 km/s. Using this value, we backtrack 2 min from TH-E and obtain 8.5 R E as the likely source region for the March 5 event. In another event on February 7, 2008 (the details of which will be reported elsewhere), TH-A, D, and E were in an ideal triangular formation from which the CD propagation speed in both directions can be estimated at À104x À 367ŷ km/m. In general, in the events we have studied so far, azimuthal propagation of CD tends to be faster that radial propagation by a factor of 2 -3.
Summary and Discussion
[12] Electrostatic fields in TCSs have been theoretically anticipated and reproduced in simulation studies. We presented first direct evidence for such a field. The field was best seen in wavelet scalograms of despun electric field data, active between the arrival of the KB mode and local CD onset, and likely a product of the interaction between the KB mode and local current sheet. There is further evidence that the pattern of interaction is invariant over downtail distances. The speed of tailward propagation of disruption signals is substantially slower than the fast mode speed.
[13] The observations provide a new piece to the insideout scenario of substorm expansion. Numerous studies have shown that that the first magnetospheric activation occurs in the near-Earth CPS within 10 R E , and ballooning is widely viewed as a likely candidate of instability. Driven by the product of the equatorial magnetic field curvature k c and earthward pressure gradient dp/dx, ballooning normally maximizes in the transition region between dipole-like and tail-like field lines. The observation in Figure 1 that auroral breakup took place poleward of the proton aurora is consistent with this notion, as the maximum of k c dp/dx must be tailward (poleward) of the CPS pressure peak. Ballooning is a coupling between the slow mode (which releases free energy embedded in the pressure distribution) and Alfvén mode (which transfers the energy to the ionosphere) [e.g., Liu, 1997] . Therefore, after an Alfvénic delay of $1 min, the ballooning mode should manifest itself in the ionosphere as the breakup arc. In equatorial plane, the propagation of ballooning perturbation leads to a thinning of the current sheet, according to the rarefaction wave theory. When the thinning progresses to the ion gyroradius scale, a neutral-sheet pointing electrostatic field is expected due to charge separation. Our observation confirmed this expectation. Interestingly, the CD front was found to propagate outward at a speed roughly 10% of the fast mode speed, suggesting that the rarefaction wave is a catalyst; additional local processes are likely involved in the disruption.
[14] Holter et al. [1995] performed a wavelet analysis of plasma waves during a local onset similar to ours and proposed Alfvénic standing waves trapped in the current sheet as the explanation of the observation. In the event of Holter et al., large electric field perturbations and higherfrequency waves were observed after the local onset had taken place, in contrast to the timing pattern of the electric field shown in Figure 4 . Thus the electric field played different roles in the two events. It was pointed out to us by one of the referees that the disappearance of E perturbation could be explained by the Alfvénic relation dE z = v A dB y . After the local CD, dE z decreases because v A decreases. This possibility will be examined in the future.
[15] The QEF can be a coincidental property or a catalyst in the destabilization of local current sheet. Evidence presented in this paper point to the latter view. The presence of the QEF implies that the ion population is demagnetized, and the two-fluid theory should be used to describe the plasma behavior. Unlike the ideal MHD, E is a zeroth-order quantity in the two-fluid theory and introduces extra terms in the local stability condition. In a two-fluid treatment of the Harris sheet, we indeed found that a zeroth-order E z ! 3 mV/m can drive the current sheet unstable. Details of this theory will be presented in a separate paper.
